A systematic computational investigation of hydrogen abstraction by OH from the full series of fluorinated ethyl methyl ethers (EME) containing at least one H and one F, C 2 H X 5− OCH X 3− ( = 0-5, = 0-3; and = = 0 not allowed), including 147 reactants and 469 transition states, has been carried out, employing the MP2/6-31G(d) level of theory. Results for optimized geometries, including evidence of intramolecular hydrogen bonding in transition states, and barrier heights are presented. Trends pertaining to the number of fluorines substituted, key bond lengths, barrier heights, and key bond angles were found with good correlations and were investigated. An increase in the number of F increases the barrier height of the reaction. An increase in some parameters such as C-H length of TS, relative change in C-H from reactants to TS, ∠COC of reactants, ∠HOH in the TS, and relative change in ∠HOH between TS and free water bond angle also correlates with increased barrier height. An increase in other parameters like C-H length in the reactants and hydrogen bonding can decrease the barrier height.
Introduction
Hydrofluorocarbons (HFCs) are among the leading environmentally acceptable alternatives to ozone destroying chlorofluorocarbons (CFCs). The determination of atmospheric lifetimes of HFCs is a key in assessing their environmental impact. They initially degrade in the troposphere through hydrogen atom abstraction by relatively abundant hydroxyl radicals. The literature is replete with studies on HFCs [1] , their atmospheric reactions, and reactions of their degradation products [2] .
Partially fluorinated ethers have been proposed as second-generation HFC replacements [3, 4] because of their low ozone depletion potentials and their suspected shorter atmospheric lifetimes as compared to analogous HFCs, which thus reduces their global warming potential. In a study of more than 150 fluorinated ethers, Sekiya and Misaki [3] determined that in the ethyl methyl ether (EME) series, CF 3 CF 2 OCH 3 and CF 3 CHFOCF 3 show promise as replacement refrigerants. Degradation in the troposphere is initiated by reaction with hydroxyl radicals (
• OH) to produce water and an ether radical. There are only a few published experimental studies on
• OH reaction rates for this class of compounds [5] [6] [7] , and most of them report absolute rates, which have the disadvantage of being susceptible to spurious
• OH loss due to impurities or secondary products. Hsu and DeMore [8] used a relative rate technique for the reactions of
• OH radicals with CF 3 OCH 3 , CF 2 HOCF 2 H, and CF 3 OCF 2 H. They found significantly slower reaction rates for the latter two, which translates to significantly longer atmospheric lifetimes than previously estimated [9] . They also determined C-H bond strengths. More recent work [10] includes a study of rate constants in the range 250-430 K for CH 3 OCF 2 CHF 2 , CHF 2 OCH 2 CF 2 CHF 2 , CHF 2 OCH 2 CF 2 CF 3 , and CF 3 CH 2 OCF 2 CHF 2 . The same group carried out theoretical work on smaller ethers [11, 12] , but their computations for reactions with
• OH have been limited to halogenated formates [13, 14] . There is also very little data on the barrier heights, reaction enthalpies, and bond dissociation energies of partially fluorinated ethers. A theoretical study by Good and Francisco [15] , also on CF 3 OCH 3 , CF 2 HOCF 2 H, and CF 3 OCF 2 H, yielded C-H bond dissociation energies (which supported the experimentally determined bond strengths [8] ) and heats of formation. Blowers et al. [16] performed a study on the global warming potentials of hydrofluorodimethylethers using B3LYP/6-31G(d).
In our previous work on unimolecular decompositions of these ethers the B3LYP functional was used. However, ElNahas et al. [17] found that even after an extensive search the B3LYP functional could not find a stationary point for the TS of the hydrogen abstraction reaction of
• OH with dimethyl ether. More generally, Johnson et al. [18] found that most DFT methods tend to underestimate barrier heights for H abstraction reactions and in some cases the barrier can completely disappear and no minima can be found. Gill et al. propose [19] that the reason for DFT's poor performance in these cases is the so-called self-interaction error that arises when one uses a local functional for exchange, and the problem can be partly fixed by improving the treatment of exchange. One method is to add some exact exchange to the density functional (this is what B3LYP and other hybrids do). However, B3LYP only uses 20% of exact exchange, whereas some modern hybrids address the barrier-height problem by using a much larger fraction of exact exchange. For example, the BMK functional uses about 50 percent [20] . While this may improve calculated barrier heights, B3LYP is still more widely employed, as it provides reasonably accurate results for a greater array of chemical problems.
A systematic investigation of hydrogen abstraction by • OH for the full series of fluorinated EME (containing at least one H and one F) C 2 H X 5− -O-CH X 3− ( = 0-5; = 0-3; and = = 0 not allowed) with a maximum of seven fluorines (F) was carried out. Figure 1 illustrates a reaction of two different hydrogen abstraction pathways from the same EME.
There are different ways in which • OH can attack the EME. This research covered every possibility for H abstraction on each molecule and also every structural isomer.
Calculations
All calculations were performed using the Gaussian 03, Revision D.01 [21] The structural parameters of the different isomers of fluorinated EME with the formula C 2 H X 5− -O-CH X 3− ( = 0-5, = 0-3; and = = 0 not allowed) where seven is the maximum limit of substitution were studied. Barrier heights were determined by taking the energy difference between TS and sum of reactants (EME + OH), where the energy of each species included the electronic and zero-point energies. The structures of the TS can be seen in Appendix A of the Supplementary Material available online at http://dx.doi.org/10.1155/2016/3740278.
Nomenclature
A simple naming system was devised for this study in order to avoid confusion between reactants and TS. The first character of the name indicates the number of F. For example, difluorinated isomers start with 2F.
The second part of the name distinguishes between isomers and is denoted by lowercase letters, assigned arbitrarily. For example, a molecule with two F has fifteen different isomers, which are labelled 2F a to 2F o. If there are more than 26 isomers, a second letter was added beginning with #F aa to #F az. An example of two isomers is given in Figure 2 .
For the TS a third part of the name was introduced to distinguish between the different TS. Thus the final part of the name is "TS" followed by a number to designate which hydrogen is being abstracted by the
• OH radical; again, it is assigned arbitrarily (a detailed list can be found in Appendix A). For example a molecule with two F in the "b" conformation has five nonequivalent hydrogens; thus we will have five TS called 2F b TS1, 2F b TS2, 2F b TS3, 2F b TS4, and 2F b TS5, as seen in Figure 3 . 
Results and Discussion
The choice of theoretical method was determined by the success in locating TS structures. No success was obtained using B3LYP, BMK, M05, M05-2X, M06, and M06-2X. This forced a choice of the more costly second-order MollerPlesset perturbation (MP2) with the routine 6-31G(d) basis set. The MP2 method does give accurate results, but it costs more in terms of both resources and time. Previous work with this method showed excellent agreement with experiment for geometries (within 0.01Å for lengths and less than 2 ∘ for angles) for the full series of fluorinated ethanes, C 2 H F 6− ( = 0-6) [22] , and good agreement for barrier heights for their reactions with OH [23, 24] . MP2 is generally considered to give accurate geometries [25] and is typically used to obtain geometries for the various G methods, including G2 [26] , G3 [27] , and G3(MP2) [28] . For barrier heights, it tends to systematically underestimate values, but in many cases in the range of 3-5 kcal mol −1 [25, 29] .
Geometries.
In total, the geometries of 147 reactants and 469 TS were determined computationally using the MP2 method and 6-31G(d) basis set. For reactants with equivalent hydrogens, only one of the equivalent hydrogens was abstracted, reducing the amount of TS and avoiding duplication. The key interatomic distances (inÅngstroms), the C-H bond being broken and O-H bond being formed, are tabulated in Appendices B and C. The reactant's average C-H decreases as the number of F increases and the TS average C-H increases as the number of F increases, each having an outlier for molecules with four F. The average H-O rad in the TS decreases as the number of F increases. This can be seen in Table 1 .
Output from the optimization of the reactants and TS was also used to measure key bond angles in the abstraction reaction and results can be seen in Appendix D. All bond angles are increased as the number of F is increased. This can be seen in Table 2 .
Barrier Heights.
Barrier heights were calculated using the electronic and zero point energies of the reactants and TS calculated by Gaussian. The barrier heights are all reported in kJ mol −1 and are tabulated in Appendix E. For the first of these trends, note that these are trends of the entire system, using average values. These trends will not deal with hydrogen bonding, conformations, and other interactions but are rather more of a qualitative analysis. The first is the trend of the number of F on an EME and their corresponding barrier height to abstract a hydrogen using an • OH radical. As more F are placed on the molecule the higher the barrier height. This trend has a good correlation with a calculated 2 value of 0.9720. These results can be seen in Figure 4 and Table 3 .
Barrier Height versus Bond Lengths
Trends. The trend noted in Section 4.2 can be explained by a number of factors. First, the bond length of the C-H gets smaller when more F are added to the EME. With F being the most electronegative atom in the periodic table, this trend is not surprising. F pulls electron density towards itself, by an inductive effect, with the electron density in the C-H polarized towards carbon. This makes the C-H stronger. If the C-H is stronger, then it will take more energy for the • OH to abstract the H, thus making the barrier height larger. Thus, it is expected that the more the F in the molecule, the tighter the H bonds and the higher the barrier height. There is one outlier (red square in Figure 5 ) which is EME with four F. This is thought to be a result of extensive hydrogen bonding between the hydrogens and the F and oxygen. This trend can be seen in Figures 5-7 . Figures 5 and 7 have good second-order polynomial correlations. Figure 5 however has an outlier which is the group of molecules with 4F due to hydrogen bonding interactions. This will be discussed later.
The second factor that can explain the trend seen in Figure 9 is that the smaller the change the C-H bond undergoes from its reactant bond length to its TS bond length, the smaller the barrier height. This is consistent with the principal of least motion. The more the bond length must change, the more the energy must be put into the reactant to achieve the TS, so the barrier height goes up. As the number of F increases, the bond length of the hydrogen being abstracted in the TS also increases, making the percent that the bond length must change from the reactant to the TS increase. These trends can be seen in Figures 8-10 , where average refers to the average values for molecules with the same number of F. Figure 8 shows an excellent linear correlation with one outlier at molecules with 4 F while Figure 9 shows an excellent second-order polynomial correlation with one outlier. Figures 5 and 8 show opposite trends. In Figure 5 , it can be seen that the more F on the EME the smaller the C-H length of the hydrogen being abstracted in the reactant, yet in Figure 8 the more the F on the EME the longer the bond length in the TS. This is complementary to C-H length trends found by Martell and Boyd in a similar study on fluorinated ethanes [24] .
Since the trends are opposite, as the number of F goes up, the percent that the bond length must change from the reactant to the TS also increases. If the percent change in the bond length goes up, then there must be more energy put into the reactant to get over the reaction barrier, increasing the barrier height (it is a later TS). Figure 10 , a plot of the average relative change in the C-H length between reactant and TS 6 Advances in Physical Chemistry versus the average barrier height, shows this with an excellent second-order polynomial correlation with one outlier. Hydrogen bonding also plays a key role in the barrier heights and the trends they follow. As a first approximation, hydrogen bonding for this study was determined to be any interatomic distance between F and O or H and O less than 2.5Å. Two trends that are obvious right away are how many hydrogen bonds to F and how many hydrogen bonds to oxygen there are with respect to the number of F in the molecule. In molecules with low numbers of F, hydrogen bonding to oxygen is dominant. For example, for molecules with one F, the position of it can be at the ends, unavailable to hydrogen bond with the incoming
• OH radical. In molecules with high numbers of F, hydrogen bonding with F is dominant. For example, for molecules with 6F, there is an F in almost every position and the
• OH radical can interact with any of them. These trends can be seen in Table 4 .
It can also be seen that as soon as the second F is placed on the EME, hydrogen bonds to F become dominant over hydrogen bonds to oxygen. This is because F is a more electronegative atom and if the
• OH radical abstracting the hydrogen comes close enough it will react more strongly with the F than with the oxygen. This is not to say that there are no occurrences where there are hydrogen bonds to oxygen and F at the same time.
When the hydrogen being abstracted comes from the center of the molecule, this also accounts for the smaller barrier heights in the TS with the same reactant molecule. This shows that the hydrogens bonded to the middle carbon are the easiest to be abstracted and this may be due to the hydrogen bonding to oxygen. If we look at plots of hydrogen bonding to oxygen and F versus the number of F we see that as the percent of hydrogen bonding to oxygen increases then the barrier height decreases and as the percent hydrogen bonding to F increases barrier height increases. This can also be seen in Table 4 .
Hydrogen bonding to F gives the lowest barrier heights and are consistently lower than the average barrier height. Hydrogen bonding to oxygen gives lower barrier heights than the average for EME with two F or less but gives higher barrier heights than average for EME with more than two F. If the EME has no hydrogen bonding, EME that has three or less F, the barrier heights are higher than the average. From this it can be seen that hydrogen bonding reduces the barrier height. There are some molecules in which the structure is twisted to form almost a cyclic structure in the TS. This happens particularly in the groups with 2 or 3F, with the hydrogen being abstracted being on one end of the molecule and an F being on the other end. It appears that the
• OH radical oxygen binds to the hydrogen being abstracted from the ether and the hydrogen of the
• OH radical binds with the F on the other end of the molecule. Isomers that have this happening have some of the smaller barrier heights in comparison with other TS in the same group. Some examples of this are 2F c TS5, 2F m TS1, and 3F aa TS1 and the structure of 2F m TS1 can be seen in Figure 11 .
When the O-H length of the TS with O being oxygen from the radical and H being the hydrogen being abstracted is looked at there is a very clear trend. As more F are added the O-H length is decreased. F is the most electronegative atom; therefore when there is more than one interacting with the hydroxyl radical, each would pull the radical a little closer. The results can be seen in Figure 12 which has an excellent second-order polynomial correlation.
Barrier Height versus Bond Angle Trends.
The next part of the study was to look at key structural features such as the ∠COC of the ether in the reactant and TS, the ∠CHO, and the ∠HOH in the TS. These features will be looked at in relation to barrier heights and number of F on the ether to look for correlations between the two.
In Figure 13 , there is a clear linear correlation in that the average ∠COC increases with the number of F, both in the Advances in Physical Chemistry reactants (red symbols), which is almost perfectly linear with an 2 = 0.999; and in the TS (blue symbols), again it is nearly perfectly linear with 2 = 0.9976. Because these correlations are so strong we can assume that the number of F on the molecule has a very strong role in determining the ∠COC in both the reactant and TS. The ∠COC is determined by how far away electron density is around the oxygen. F pull density away from the oxygen, so the angle opens up.
When the ∠COC was plotted against the barrier heights (see Figure 14) , there were some odd trends occurring. There are vertical groupings of the barrier heights with respect to the ∠COC in the reactants. There are six groupings, so it almost looked like each group of ethers with a specific number of F gave only ranges of bond angles that were close to the average.
When being looked at closer, however, it could be seen that the groupings in the table were just coincident. Each group of ethers with the same F gave a range of ∠COC. The lower limit in molecules with one to four F was almost the same with a deviation of only about 0.1 ∘ . There is a lot of overlap in the ranges with the upper and lower limits being different. The molecules with five F have a bond angle increased about 1 degree from groups with one to four and molecules with six F having a bond angle increased about 2 degrees from molecules with five F. The upper range increases as the number of F is increased. Also there is a large increase in the magnitude of the range in EME with four and five F. This is seen in Table 5 . The same sort of thing happened in the TS except without the vertical groupings when plotted against the barrier heights. The plot in Figure 15 is highly scattered.
The ranges are a little different from the reactants though in that the upper limits are slightly increased. The lower limits stay relatively the same and are shown in Table 6 .
Another key structural feature of this reaction appears in the TS. When the ∠CHO (where carbon and hydrogen are on the ether and oxygen comes from the radical) is plotted against the number of F, we can see a linear relationship that as the number of F increases, the angle increases. This is seen in Figure 16 with a good second-order polynomial correlation and one outlier (red) when the number of F is one.
If the bond angles are plotted in relation to the barrier heights there is no real trend to see. They appear to be scattered and the angle has no real impact on the barrier height (see Figure 17) .
The last parameter that was looked at was the bond angle of the newly forming water molecule in the TS. There is an excellent linear correlation between the number of F and the average ∠HOH of the water molecule being formed, seen in Figure 18 . It is almost completely linear except for one outlier 8 Advances in Physical Chemistry (red) in the group with one F, just like the ∠CHO relationship with F. Also there is a clear linear trend in the data when the water angle and the barrier height are compared in that as the angle of water increases, the barrier height increases. This can be seen in Figure 19 .
The next step was to look at how the bond angle of water in the TS differed from the bond angle of free water. The hypothesis is that the more the bond angle must change, the more the energy must be placed into the reaction in order for it to proceed, but this is not what is seen. From Figure 20 , it can be seen that the more the ∠HOH must change, the lower the barrier height is. Note that all the bond angles in the TS are less than that of free water (104.5 ∘ ); therefore all bond angles must increase in order to reach this angle.
Conclusions
This study was started to evaluate the parameters of an EME that could possibly be used as an HFC. It would have to be an ether that when presented into the lower atmosphere would react with hydroxyl radicals and dissociate rather than moving higher and reacting with the ozone. In order to achieve this, the barrier height of the reaction with a hydroxyl radical abstracting hydrogen from the ether should be as low as possible. This is not the only condition for second generation HFCs; however, it must have the desired properties to act as a refrigerant, such as being a liquid at ambient conditions and having high thermal conductivity. Compounds being investigated for refrigerants are highly substituted with F and the results here show that the barrier heights increase with increasing substitution. However, even in these cases, barrier heights are relatively low. For example, the barrier height for CF 3 CF 2 OCH 3 is only 41.7 kJ/mol.
It was found that this fluorinated ether would have to have a minimum of F attached to it since F raises the barrier height. The number of F also influences certain bond lengths. C-H lengths in the reactants decrease with an increase in the number of F, but C-H lengths in the TS increase. H-O length is also decreased as the number of F is increased. Hydrogen bonding is influenced by the number of F. When hydrogen bonding to oxygen is related to number of F, a negative second-order polynomial correlation is found and when hydrogen bonding to F is related to number of F, a positive second-order polynomial correlation is found.
It was also found that some factors can increase the barrier height of the hydrogen abstraction from an EME by a hydroxyl radical barrier height and some can decrease it. An increase in the number of F increases the barrier height of the reaction. Increased barrier heights are also seen with an increase in some parameters such as C-H length of TS, relative change in C-H from reactants to TS, ∠COC of reactants, ∠HOH in the TS, and relative change in ∠HOH between TS and free water bond angle. An increase in other parameters like C-H of the reactants and hydrogen bonding can decrease the barrier height. As MP2/6-31G(p) geometries are well known to be accurate, and computed barrier heights with this method have a systematic error, we are confident that trends noted above are accurate within the correlations given.
